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SUMMARY

experhnentalinvestigationofwater-spraycooling
oftur%inebladeswasconductedwitha representativecentrifugal-flow
engine(J33-A-9). Theanalyticalpartof theinvestigationprovidedsn
indicationofthegainsinthrustavailablewithspraycooling.This
analysiswasconductedfora rangeof inlet-gastemperaturesandengine
speedsabove.theratedcondition(Wet-gas temperatureof1670°F and
enginespeedof11,500rpm). Withtheassumptionof adeqmtespray
coolingata coolant-to-gasflowratioof 3 percent,ca.kul.ationsforthe
sea-levelstaticconditionindicatedthata thrustincreaseof 40percent
overratedthrustmaybe realizedby engineoperationatan inlet-gas
temperatureof 2000°F andan overspeedof10percent.Fortheseengine
operatingconditions,theanalysisfurtherindicatedthata combinationof
compressorwaterin~ectionandspraycoolingwillprovidea thrust
increaseof52percentwitha totslcoolant-to-gasflowratioof 7 per-
cent.

Theexperimentalphaseof theinvestigationwasconductedwith
severalwater-inJectionconfigurations,anddatawereobtainedovera
rangeof enginespeeds.Water-spraycoolingdidnotappearsatisfactory
fortemporarilyaugmentingcoolingattheleadingandtrailingedgesof
air-cooledbladeswiththetypeofwater-injectionconfigurationsusedin
thisinvestigation.

Water-spraycoolingforstandard,solid,Haynes-Stellite21%lades
resultedinan averagemidspanbladetemperatureof about500°F, as
comparedwithanuncooled-bladetemperatureof1260°F, at a coolant-to-
gasflowratioof 0.0089(2360lb~ atratedspeedof 11,500rpm)with
inner-diaphragmnozzles,thebestconfigurationinvestigated.A tempera-
turedifferenceof about600°F betweenthebladeleadingandtrailing
edgeoccurredatthisoperatingcondition.No appreciableradialtemper-
aturedifferencewasolmervedat theratedcondition.Twobladefailures,
onean instrumentedbladewithconsiderableblademetal.removed,occurred
duringrated-speedoperation,prob~lyas a resultof lsrgetemperature
differencesalongthebladechord.Calculationsbasedon strengthprop-
ertiesofthebladematerialandextrapolationofrated-speedspray-
coolingdataindicatedthata cooling-sprayrateof 20 gallonsperminute
wasrequiredforepgineoperationat an inlet-gas temperatureof 2000° F
andan overspeedconditionof 10percent.
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INTRODUCTION

A liquid-coolingprocessinwhichthelatentheatofvaporizationof
waterisutilizedhasexcellentturbine-coolingpossibilities.Onemethod
ofutilizingthelatentheatofvaporizationisdirectinjectionofwater
spraysintothegasstreamtherebypermittingimpingementofthewater
spraysontheheatedrotor-bladesurfaces.-Liquidboilingoccursupon
contact,thuseffectinghighheat-transferrates.Sincethecoolantis
dissipatedinthegasstream,thecoolantsupplymustbe constantly
replenishedinordertoprovidecontinuouscooling.Stationeryandpos-
siblymsrineinstallations,whena largewatersupplycambe provided
andminimumweightrequirementsarenotsocritical,lendthemselves
readilyto a continuousspray-coolingapplication.h aircraftturbine-
enginetistallationsinwhichsa inexhaustiblewatersupplycannotbe
providedendminimumweightisofprimaryimportance,spraycoolingis
necessarilylimitedto short-theapplication.E?largethrustincrease=
canbe realizedby useof spraycooling,however,evenshort-timeappli-
cationwouldbe desirableto assistinsuddenaccelerationtake-off}
clhib,or ccxnbatmaneuvers.

Water-spraycoolinghasbeeninvestigatedwitha staticcascadeand
a small-scaleturbosupercharger(ref.1). Theinvestigationwasdesigned
to determinethefeasibilityof applyingspraycoolingtoturbinesfdmi-
catedfromnoncriticalmaterialsformarineapplications.An adjustable
spraybarwaaprovidedina passagebetween,adjacentstatorbladeswhich
permittedwaterinjectioninseveraldirections,upstresm,downstream,
andcrosschannelwithrespectto thegasflow. Thecoolingeffective-
nessachievedwasnotnoticeablyeffectedby thedirectionofwater
tijection.Substantialbladetemperaturereductionswerereportedin
boththestaticcascadeandtheturbosuperchargerinvestigations.
Becauseofthesmallbladesizeoftheturbosupercharger,a singlethermo-
couplewasprovidedatthebledemidchordpositionandcompletetempera-
turedistributionsaroundthebladecouldnotbe obtained.

Applicationof spraycoolingtoa full-sceleturbo~etenginewas
investigatedinEngland(refs.2 to 4),andstistantialbladetemperature
reductionswerealsoreported.h theseinvestigationsthewaterspray
wasdirecteddownstreamfromthetrailingedgeofthestatorblades,and
a rangeofenginespeedsendcoolant-to-gas$1OWrateswasconsidered.
Forthemostsevereoperatingconditionsencountered,atdesignspeedand
aneffectivegastemperatureof1400°F, a temperaturereductionof
613°F inthemidchord(1/3-spanposition)temperaturewasobservedwith
a coolant-to-gasflowratioof approximately0.0082.Althoughappreciable
bladetemperaturegradientswerereported,theresultsappearedsuffi-
cientlypromisingtowarrantfurtherexperimentalinvestigationofspray
cooling.

Becauseof itsapparenteffectiveness,spreycoolingwasconsidered
as a meansofreducingtheleading-endtrailing-edgetemperaturesof
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\
internallyair-cooledbladesaswellasstandardsolidbladesoftur-
bojetengines.Turbine-coolingtivestigationsconductedattheNACA

* Lewislaboratorywithinternallyair-cooledbladesdemonstratedan
unequslchordwisebladetemperaturedistributionwithhighleading-and
trailing-edgetemperatures(refs.5 and6). Themidchcrdtemperatures,
however,werebelievedtobe sufficientlylowtopermitturbineoperation
athighergastemperaturelevelsiftheleading-sndtrailing-edgetem-
peraturescouldbe reduced.

Withtheassumptionthatspraycooltigissufficientlyeffectiveto
permitengineoperationatelevatedspeedsandgastemperatures,the
analysisreportedhereinwasmadeto determinethethrustincrease
obtainablewitha J33-A-9engineusingwater-spraycoolingandcompressor
waterinjectionovera rangeof inlet-gastemperaturesandenginespeeds
aboveratedengineconditions(inlet-gastemperatureof1670°F snd
enginespeedof11,500rpm). Thesecalculationsjustifiedfurthercon-
siderationof spraycooling,andtheexperimentalphaseof thewater-
spraycoolinginvestigationreportedhereinwasinitiatedattheNACA
Lewislaboratorywitha modifiedJ33turbojetengtie.

Theenginewasequippedwithfourinternallyair-cooledIhconel
blades(similarinprofileandfabricationtoblades1 and2 ofref.5)j
50,standard,solid,Haynes-Stellite21bkdesj andseveralwater-
injectionconfigurations.Itwasbelievedthatthewaterentranceangle
aswellas thewaterevaporationratemightaffectthebladecoverage.

O Consequentlythreetypesofwater-injectionconfigurationswereprovided
inordertovarythisangleandtheevaporationrate. Becauseoftheir
location,highwater-sprayvelocitiesmaybe obtainedwithtwoofthese

. configurationsby utilizingthehigh-velocitygasstresm;also,high
evaporationlossesmayoccuras a result.oftheirlocation.Thethird
typeofwater-injectionconfi~ation,whichwassimilarto that
employedintheBritishinvestigation,sndwhichdependedprimarilyupon
thelimitedpressuredropavailableinthisinstallationacrossthe
injectionnozzleforwater-sprayacceleration,mayprovidelowerwater
velocitiesbutprobablysmsl.lerevaporativelosses.Thewater-injection
configurationswereinvestigate&individuallyandin ccmibinationat engine
speedsof40CK),8000,and11,500rpm. Internallyair-cooledbladeswere
investigatedovera liquidcoolant-to-gasflowrangefrom0.031to 0.017
(64to 1690lb@r) anda constantaircoolant-to-gasflowratioof 0.05
at enginespeedsof4000and800Qrpm. SolidEaynes-Stellite21blades
wereinvestigatedovera rangeof liquidcoolmt-to-gasflowratiosfrom
0.001to 0.0217(64to5650lb/%r)ad enginespeedsof4000,8000,and
ll,5CKlrpm.

●
APPARATUS

Ihorderto conductan investigationof sprsycoolingon a full-
-- scsleaircraftturbineengine,necesssrymodificationswereprovidedon
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enginewhichisratedat11,500rpm,a turbineinlet-
approximately1670°F, andan airflowofapproximately

76 poundspersecond.Since
investigatedwithinternally
blades,a cooling-airsupply
systemwasprovided.

theeffectivenessofspraycoolingwastobe *
air-cooled%ladesaswellasstandardsolid
systeminadditionto a water-injection

EngineModifications —
Na

Cooling-airsupplysystem.- An independentcooling-airsupplysys- 8
temsimilartothatemplo~dinenexperimentalinvestigationofair- —.
cooledturbinebladesina turbojetengine(ref.7)wasutilized.Fig-
ure1 showstheenginetail-conemodifications.Thecooltig-airsupply
systemwhichwasemployedbecauseofthefourinternallyair-cooled
bladesbeinginvestigatedisdescribedindetailinreference7. Briefly,
bladecoolingairwasintroducedthroughtheenginetailconeto a tube
concentricwiththecenterlineoftheturbinerotor.Fromthistubeafr
wasdeliveredto thebladesthroughfourradialtulesweldedtotherotor
face. Thesetubessuppliedairtothebladesthroughholesdrilledfran
thedownstreamrotorfaceto thebottomof serratedgroovesholdingthe
blades.Thetwoinlettubesthroughwhichcoolingairenteredthetail
conewereenclosedby concentrictubesthroughwhichscavengeairwas
passedtominimizethetemperatureriseofthebladecoolingair.

Air-cooledblades.- Air-cooledbladessimilartotheoneshownIn r,

figure2(a)wereinvestigated.Fouroftheseblades,displacedapproxi-
mately90°fromeachother,andfifty,stsndsrd,4-inch-span,Haynes-
Stellite21blades(figs.2(b)snd2(c))wereprovidedintherotor .
assenibly.Theair-cooledbladeswerefabricatedina mannersimilarto
thatdescribedinreference5 smdconsistedofuntwisted,formed,Inconel
X shellswithtaperedwalls.Thebladeshellwasfilledwithtubes
extendingfromtiptobase. Thetubeswerebrazedtoeachotherandto
theinnersurfaceofthebladeshellto increasetheinternalheat-
transfersurfacearea. Thebladeshellextendedthroughthecasthollow
SAE4130bladebaseandwasNicrobrazedtothebase.

Water-injectionconfigurations.- Threetypesofwater-in~ection
configurationshowninfigure3 wereprovided.Fromthetrailing-edge
typeof injectionconfiguration,waterwqsdischargedintothegasstresm
throughorificesprovidedinthestator-bladetrailingedge. A 7/32-fnch-
diameterholewasdrilledthroughthecentralportionofthestatorblade

fromthebasetowithin3/8inchfromthetip. Threeholes1~-inchesapart
weredrilledfromthetrailingedgeto intersectthecentralpassage}and
3/16-inch-dismetertubeswereweldedintothesepassages.Theendsof
thetubeswereweldedshutandthedesiredorifice sizedrilledintothe
tubeends. Sixstatorbladesweremodifiedinthismanner.Onfour
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bladessomodifiedandspaced90°apartaroundthestatorringcircum-
7

ference,theorificetubeswerelainchesapart,withthelowerttie
*

.

5/8inchfromthebladebase. Theothertwobladesspaced180°apart
weremodifiedina similarmannerexceptthatthelower’orificelmibewas

l; inchesfromthebladebase. Thiswasdonetoprovidenmrecomplete
spanwiseinjectioncoverage,anditwasexpectedthatsuchan installa-
tionwouldprovidedataas tothecomparativeeffectivenessofvarious
spanwiseinjectionstations.A 0.021-inch-diameterorificesizewas
providedfortherunsmadeat4000and8000rpm. Thisdismeterwas
increasedto 0.034inchforoperationat 11,500rpminorderto achieve
thedestiedrangeof coolant-to-gasflowratios.

Fromthesuction-surfacetypeof injectionconfiguration,waterwas
dischargedintothegasstresmthroughorificesprovidedonthesuction
surfacesofthestatorblades.A7/32-inch-dismeterholewasdri~ed
throughthecentralsectionofthestatwbladefra thebasetowithin
3/8inchfromthetip. Therequiredorificesizewasachievedbydrill-
imgthreeholesofdesireddiameterfrcmthebladesuctionsurfaceto
intersectthecentralpassage.Fourstatorbladesspaced90°apsrtwere
modifiedinthismanner.Ontwoofthesebladestheorificeswere

1~-inchesapartwiththelowerorifice~~ inchesfromthebladebase.
Theothertm bladesweremodtiiedsimilarlyexceptthatthelower
orificewas5/8inchfromthebladebase. A 0.021-inchorificesize
wasprovidedfortherunsmadeat 4000and8000rpm. Thisdiameter
wasincreasedto0.041inchforrated-speedoperation.

.

Thethirdor inner-diaphra~typeof in3ectionconfigurationmerely
consistedof a holedrilledthroughtheinnerringofthestatordia-
phragmbetweenadjacentstatorblades.Twosuch configurationswere
provided180°apart.Theholedismeterswerechangedfrom0.052inch
afteroperationat4CXXland8CU)rpmto 0.099tichforoperationat
11,500rpm.

Watersupplysystem.- Citywaterwasutilizedasthecooling-spray
medium.A three-stageconstant-displacement-typepumpprovidedwitha
suitableby-passarrangementraisedthewaterpressureto 500poundsper
squareinch.Pressureregulatorspermittedselectionofwater-injection
pressures.Individual.waterlineswereprovidedfromthestatw injec-
tionconfigurationsontheengineto a manifolddownstreamofthepump.
Msmuallyoperatedneedlevalvesoneachltiepermittedoperationwith
thedesiredinjectionconfiguration.

*

7

hstrumentation

Theengineinstrumentationandtheinstrumentationrequiredfor
cooling-airflowmeasurementsusedinthisinvestigationaredescribedin
detaflinreference7.
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r
Water-coolsntmeasurements.- Waterflowratesweremeasuredby

meansof a calibratedrotameter.Bourdongageswereemployedto determine
thewaterpressure.Watersupplytemperaturewasmeasuredby meansof a
thermocouplelocatedwithtithemmifoldwhichsuppliedthewaterlines
leadingtotheindividualinjectionconfigurations.

Bladeinstrumentation.- A totalof14chrcmel-alumelthermocouples
(36-gagewire)wereinstalledonfourair-cooledblade$atthelocations
showninfigure2(a). Thermocoupleswerealsoplacedinthecooling-air
inletpassagesoftwobladesnearthebladerootasdescribedinrefer-
ence7. Sixthermocoupleswereprovidedto obtainthesolidbladetem-
peraturesatthelocationsshowninfigure2(b). Theair-cooledblades
werereplacedby solidblsilesafterengineoperatianat4000and8000rpm.
A totalof 19thermocouplesweresubsequentlyinstalledon sixsolid
bladesat thelocationsshowninfigure2(c)to obtainthesolid-blade
temperaturedistributionduringrated-speedoperation.A slip-ringtype
ofthermocouplepickupsimilarto thatdescribedinreference7 was
employedto achievetransitionfromtherotatingthermocouplesto the
stationarymeasuringpotentiometer.

IXGZRIMENTALPROCEDURE

Thevariouswater-injecticmconfigurationswereinvestigatedover a
rangeofoperatingconditions.Thecompleterangeofoperatingconditions
coveredispresentedintableI. Foreachinjectionconfigurationor .
cmibinationof configurationsinvestigated,theenginespeedwasmain-
tainedconstantwhilethewater-coolantflowratewasvariedfrcmthe
msximumvaluepermittedby theinstallationto a mintiumvalueas indi- +“
catedintableI. A completesetofdatawasalsotakenat zerowater
flowforeachinjectionconfigurationinvestigated.Thessmeprocedure
wasfollowedatthreeenginespeeds,4CK)0,8000,end11,500rpm. Water
sprayswereturnedon simultaneouslywiththeenginestartstominimize
thermalshockconditionsinthebladesthroughouttheinvestigation.!llhe
enginewasshutdownforbladeinspectionafxr a rangeofwaterflows
frommaximumto zeroflowhadbeeninvestigatedwitha particularin~ec-
tionconfiguration.Thewaterflowratewasvariedbymanuallyadjusting
thewatersupplypressure.Duringoperationinwhichair-cooledblades
aswellas solidbladeswerebeinginvestiga~ed,cooling-airweightflow
wassetby manuallyoperatedvalvesintheairsupplylinetomaintaina
representativecooling-airflowequivalentto a totslcooling-air-to-gas
flowratioof5 percent.Theadjustableexhaustnozzlewasmaintained
atthefullyopenpositionduringengineoperationatallspeedsexcept
forseveralrunsattherated-speedcondition.Theefiaust-nozzleposi-
tionwasalteredatratedspeedto obtaina variationininlet-gastem-

—

perature,andoperationwasconductedovera limitedrage ofwater- -
coolantflowratesateachofthesegastemperatureswithan tijection
configurationconsistingof a conibinationof statortrafling-edgeand
inner-diaphragmspraynozzles. ~

.—
e
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METHODSOFCAICUIATION

. Itwasassumedthatthrustincreasescouldbe obtainedwithspray
coolingby operationatengineconditionsaboverated.Calculationswere
madeto determinethema~itudeof thoseincreasesandtherebyestablish
theextentoftheusefulnessof spraycooling.

.

.

EngineThrustCalculations

EnginethrustcalculationsweremadewiththeJ33engineforthe
caseof spraycoolingandcompressorwaterinjectionforstepincreases
inturbineinlet-gastemperaturefrom1670°to 2000°F atvariousengine
speeds,from11,500rpm(ratedenginespeed)to 10percentoverspeed.
Thecompressorcharacteristicsemployedinthecalculationswereobtained
fromreference8 andareshowninfigure4. Thelinesof constantcor-
rectedspeedarescmewhatidealizedb thattheyconsistof straight
se~ents,whereastheexperimentalconstant-speedltieswouldbe slightly
curved.Thefollowingmajorsimplifyingassuqtionsweremade: (1)The
specificcompressorworkisconstantfora givenspeedendcompressor
water-injectionrate,(2)turbineefficiencyisconstantendtheturbine
statorischokedovertheenttiersageconsidered,snd(3)theexhaust-
nozzlesxeamaybe varied.

Spraycooling.- Thefollowinggeneralmethodofthrustcalculation
wasemployed:Temperatureandpressureconditionsattheexhaustnozzle
necessaryforthrustdeterminationwereobtainedasa resultofa
position-to-positioncalculationoftemperaturesandpressuresthroughout
theengine.Standardsea-levelstaticconditionswereassumedat the
compressorinlet.Specificworkwascalculatedfromcompressor-outlet
conditionsforan engineoperatinglinedeterminedby meansof curves

s fromreference8. A5-percentpressuredropwasassumedto occurthrough
theburners.StatOr-inlettotaltemperaturewasconsideredtobe the
independentvariable.Witha Machnmiberof1 assumedatthestator
throat,conditionsof statictemperatureandpressureatthispointwere
obtainedfromthefollowingisentrapicexpressions:

P’/P

Allsynibolsaredefinedin

T’/T= 1+ ()‘E3-+$

= L(W)”P
theappendix.

(1)

(2)

7
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Theconstant-speedlinesgiveninfigure4 werethenusedto calcu-
late eitherthecompressorpressmeratioorthecompressorweightflow
astheturbineinlet-gastemperaturewasvariedfora givenspeed.Along
thehorizontalportionof a constant-speedline,thepressureratiowas
readfromfigure4, andthecompressorweightflowwascalculatedby
meensoftheeffectivestatorthroatareagiveninreference8 withthe
continuityrelation.Reductioninturbineinlet-gastemperaturepermits
a highermassflowthroughthestatorthroat(specificvolumeof gasis
reduced),andthepointof equilibriumoperationmovesto therightalong
thehorizontalportionoftheconstant-speedline.Whenthevertical
portionoftheconstant-speedlinewasreachedandtheturbineMet-gas
temperaturefurtherdecreased,theweightflowremainedconstantandthe
compressorpressureratiowascalculatedforequilibriumoperationofthe
compressorandturbine.Actualandidealtotaltemperaturesatthe -
turbine-rotoroutletweredeterminedlyequatingspecificcompressorend
turbinework. Thesequantitiescambe eqressedinseveralforms
arerelatedtoeachotherinthefollowingmanner:

@i-2)ac=cp,c(%!j-Ti)=~,t(T~-T~)(l+f/d

Totalpressureattheturbine-rotoroutletwasthen
tropicrelationsfromtheidealtotaltemperature.
assumedto existattheexhaustnozzlesincelosses
assumedtobe negligible.Thetotaltemperatureat

calculatedby
Thispressure

which

(3)

isen-
was

inthetailconeare .
theexhaustnozzlewas _

alsoconsideredidenticalwiththeactualtemperatureattheturbine-
rotoroutletexceptforthetemperaturereductioneffectedby evaporation “
ofthewaterspray.By neglectingtheheatextractedfromthegasto
bringthewaterto saturationtemperatureandsuperheatingthestesm,
thistemperaturereductionisexpressedas

wwhfg
AT = (4)

‘6%)6>4

Sincethe
culatedby the

—.
—

e~austnozzlewasoftheconvergenttype,thrustwascal-
followingexpression:

wgv5
F= ~+ A5(P5- Po) (5) —

where

&&-
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.
ma

9

and ~ equals
nozzlepressure
p. equslsp5.

~ then, T5 from

‘g =Wa+wf+ww .—

thearearequiredtopassthetotalmassflow,For —-
ratioslessthanorequaltothecriticalpressureratio,
k thiscase
equation(l).

G wassetequaltounityand p5
tions(1)snd.(2).

~ ks computedfromequat~on(2)and; - .
Forsupercriticalpressureratios,%
and T5 werecalculatedfromequa- ,

Compressorwaterinjection.- Theeffectof injectingwaterintothe
inletofthecompressoristo chsngethecompressorcharacteristics.The
pressureratioandmassflowareincreased,andtheefficiencyisusually
reduced.Therefore,beforecalculatingthrust,thenewcompressorchar-
acteristicsweredeterminedforvarioussmountsofwaterinjected.Ref-
erence9 presentsthechangeincharacteristicswithwater-airratio.
Thebasicpressureratio,massflow,andefficiencyofthecompresscmof
reference9 areslightlydifferentfromthoseusedinthecalculationsof
thisreport.Consequently,thechangeincompressorcharacteristics
effectedby waterinjectionfortheen”gineofthepresentinvestigation
wastakentobe inthessmeratioas thechangeincharacteristicspre-
sentedinreference9. Exceptfortheuseofexperimentaldatafrom

. reference9, thecalculationmetfiodforthewater-aircompressionis
similsr.tothatusedh reference10,butforthepurposeof completeness
theexactprocedureispresentedas follows:Withwaterinjectedinto

.. thecompressor,thecmnpressiveprocesswasconsideredto consistof two
phases:thefirst,saturatedc~pressionjandthesecond,adiabatic
compressionoftheresultingwater-airmixture.Withtheincomingair
assumedat standardsea-levelconditionsofpressure~ temperatureand
ata relativehumidityof50percent,theenthalpyoftheairat com-
pressorinletwasdeterminedlyuseof a psychometricchart.By means
oftheenthalpy-entropychartofreference10,thepressure,temperature
andenthslpyattheendofthesaturationcompressionforsnygiven
water-airratioandforconstantentropywereobtained.Withthe
compressor-outletpressure~own fromthecompressorcharacteristics,the
idealoutlettemperaturewasdeterminedasfollows: —

7-ala-l

H%‘a,la
‘;,s= ‘ia,s Pia (6)

Theidealworkoftheadiabaticcompressiveprocesswasthendetermined
from

——.

——

.—-

.—

—.

-.

.:-.

(~~.+~= (T’Cp,a,la2,s - ‘ia,s) (7)
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Thetotalidealworkofthecompressoristhesumoftheworkofeach
phase.

(“i.2)s=(Ni-la).+ (ML-2).
For”thecaseofcompres-sionof a saturatedmixture

(8)

ofwatervapor
andairoverthetotalcompressorpressureratio,thesecondtermof
equation(8)iszero.Thewater-airratioforthiscasewasassumedto
be thatobtainedfromtheenthalpy-entropychartofreference10for
isentropiccompressionofa saturatedmixturefrmncompressor-inletpres-
sureto compressor-outletpressure.Withtheefficiencyestablishedby
thecompressorcharacteristics,theactualArk wasfoundfromthefollow-
ingequation”:

(~i-z).(~i-z)a~= tlc (9) ‘“

Whentheactuslwork
equation(3),thrust
describedpreviously
omitted.

obtainedfromequation(9)wassubstitutedinto
wascalculatedby thesameprocedureasthat
forspraycoolingexceptthatequation(4)was

DeterminationofWaterEntran~eAngleRelativeto

Pls.neofRotorRotation

Itmaybe assumedthatthesngleofentrsaceofthewatersprayto
therotorbladesaffectsthemannerinwhichthesprayisdistributedover
thebladesurface.Anattemptwasthereforemadeto-c~culatethewater
entrsmceanglerelativeto theplaneofrotor..rotation.Theabsolutear=d..__’
relativevelocitiesofthewaterenteringtherotorcsnbe representedby
thefollowingvelocitydiagram:

a“ _“--
r —

Iftheabsoluteflows.nglea (measuredfromthetangentialdirection)
isknown,therelativeflowsngle13 (measuredfrm thetangential
direction)canbe computedfora rangeofwatervelocitiesfrcmtheequa-
tion

tsa
VWsina

P=v - Vw Cos alr

. .

(10)’ ‘“

..

.

. . .

%o
04

.—

—

-.

—
—

.-

—

—
,—.-

.—
..=-

.

_—
c“
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where

11

Theseequationsweresolvedfora rangeofwatervelocitiesandengine
speedsof40Kl,8000,and11,500rpmfortheblademidspanposition
(r= 0.9167foot)fortheconditionthatthewaterenteredtherotorat
anabsoluteangleequaltothestator-outletangleof 29°. Thestator
trqiltig-edgenozzleswerespecificallydesignedtoprovidewaterinjec- “- “—
tioninthisdirection.Fortheotherinjectionconfigurations,however,
thisassumptionofflowangleisapproximatelytrueonlyinthecase&at
thewaterissufficientlyacceleratedbythegasessothatthewaterand
gasflowdirectionsareidentical.

-—

DerivationofExpressionforEfficiencyofSpray-CoolingProcess

lhorderto providea methodof obtainingan indicationofthe
coolantflowrequirementsforengineoperationat conditionsaboverated‘“ ‘“-
speed,a meansofexpressingthe,effectiveness-ofthespray-coolingproc-
essisnecessary.Forlackofa betterterm,thishasbeendesignated
as anefficiency.Foranyinjectionconfigurationconsidered,theeffi-
ciencyofthespray-coolingprocessmaybe defined= theratioof heat
extractedfrom
coolantwater.
follows:

thebladesto thetotalheatrequiredto evaporatethe
Theefficiencymaybeexpressedinequationformas

Qw.ac r.-\a== (u)

Ifthespray-coolingprocess-isconsideredina nonrigorousmanner,it
maybe assumedthattheheatremovedfrcmthebladeisequsltotheheat
inputto thebladeby convectionfromthegas,withthetemperature‘drop
throughthewaterfti.sroundthebladeneglected;andthefollowing
equationsmaybe mitten:

%,= = ‘(Tg,e- ‘B,av)

and

%,T = ‘w%g

Fora rotor-bladeprofilethegas-to-bladeheat-transfercoefficientcan
be expressedintermsofdimensionlessnunibers(ref.11)as

Nu/pr0”33=~eZ (12)-



I-2 p#IDmTd.,..,.?---.-”,___

NACARME53A23

By mean~ofthemethodsofreferenceU, theexponentZ andthecoeffi- .
cientF wereevaluatedfortheJ33enginebladeprofilesndfoundtobe
0.75snd0“.06,respectively.InreferenceU.,thefluid-propertyterm-
whichappearinthesedimensionlessnumbersareexpres6edasfunctions-of

.

temperature.Inthepresentreporttheflui,dpropertieswerebasedon ..
thea,veragetemperaturesroundtheblademitipanandexpressedbythe
followingequations: ,-

= %%)av
0.70

v

0.19
CP= ‘2TB,av

k = ‘3%,av
0.85._

where Kl,K2jand K3 areproportionalityconstsnts.Theexponents
theforegoingrelationserethesamessthoseusedinreference12.

.

.1 .IM
—.--”g

—r-.. -.-”.. ..:
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—
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Writingequation(12)intermsofthegastemperatureandbladetempera-
ture,combiningconstants,includ~ water~d gasfl~ ter~~ ad incor- .. ....
porattigitinequation(11)yieldtheefficiency

.

~ 0.75
g,e —.

~ 0.425(Tg,e-~;avj” “ -

“%,av K4
‘w

. ..—-.—— —
-.

0.75 — —

‘$ .—

where IQ wasfoundtobe 1.024X10-6andthetemperaturesintheratio
.

— .—-..

%75%$25 ‘wtbe inOR” :
-. -.—..-----.--.....- ..

ApplicationofE~ressionforEfficiencyofSpray-CoolingProcess _ __’:.

Applicationtoratedengineconditions.- Theexpressionforthe
efficiencyofthespray-coolingprocesswasappliedtodataobtainedfr~
a series~frunsmadeit severalgastemperaturesandratedengtiespeed
withan”injectionconfigurationconsistingo?a combinationofstator ..
trailing-edgeandinner-diqhragmspraynozzles.Equation(13)wasevai-
uatedforeachconditionof”ga$temperature&adcoolantflowinvestigated
atratedspeedwiththiswater-injectionconfiguration.Theaverage-blade
temperaturewas’l%kenas an integratedaveragearoundtheblademidspan.
Effectivegastemperaturewas consideredto @ the Qy@sated -%$: ..
bladetemperaturearoundthemidspanforoperationwithoutspraycooling.

— —
3

.—
. ..---- r

“

,

. .
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-, Applicationto engineconditionsaboverated.- Theexpressionfor
efficiencywasalsoappliedto estimatethecoolantflowraterequired
forengineoperationat temperatures~d rotative@eeds abovetherated

. condition.Bladecentrifugalstressatthemidspsnsectionwascalculated
fortheenginespeedUnder.consideration.Thecentrifugalstresswas,
multipliedbya stress-ratiofactorof 3.25to esthatethemaximum
allowablebladestress.Thestress-ratiofactormaybe consideredasa

M ssfetyfactorsndisdefinedinreference5. A hi@ stress-ratiofactor

~ of 3.25wasarbitrarilyselectedas a possiblemeansof accountingfor
m largethermalgradientsintroducedinthebladesby spraycooling.

Stress-to-ruptureandyield-strengthdataforHaynes-Stellite21alldy
andthemaximumallowablebladestress,obtainedas indicatedabove,were
usedto determinethesllowablebladetemperature.Substitutionofthe
allowablebladetemperatureandtheeffectivegastemperatureequivalent
tothedesiredinlet-gastemperatureintoequation(13)snduseofthe
relationbetweenefficiency,coolantflow,andgasflow,asdetermined
fromdata,providedtherequiredcoolant-to-gasflowratibthroughan
iterativeprocess.Theeffectivegastemperaturewascalculatedfrom
theturbine-inletconditionsby theprocedureofreference7,which
utilizestherelation

-T‘ge T
A = T,,’ _ Tg’3 = “e

g,3 g,3 (wg,3)2
(14)

2Jgcp,g

where A istakenas 0.65. Althoughdataindicatethattheefficiency
ofthespray-coolingprocessincreaseswithincreasinggastemperature,
thevalueof efficiencyobtainedat1260°F andoratedspeedwasusedfor
allinlet-gastemperaturesconsideredfrom1670 to 2000°F. Thisintro-
ducesan additionalssfetyfactorintothecalculatims.

RESULTSANDDISCUSSION

Resultsofboththeanalyticalsmdexperimentalphaseofthisinves-
tigationsrepresefited=d discussed.Theresultsof eachphasesrepre-
sentedseparatelyand,wherepossible,theanalyticalassumptionsare
consideredinthelightofexperimentaldata.

An snal.ysiswasmadeto determinetheeffectonthrustof increased
enginespeedandgastemperaturefora J33-A-9tgrbojetengineutilizing
spraycoolingandcompressorwaterinjection.Calculationswerealso”
madeto determinetheeffectofwatervelocityonthewater-spray
entranceangleto therotorblades.*

Spraycooling.- Thevariationof calculatedthrustat-sea-level
staticconditionswithturbineinlet-gastemperature@ shownin.

.—.-—
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figure5(a). Thethrustticreaseaboveratedthrustisplottedforsev-
eralenginespeedsup to10percentoverspeedandfora coolant-to-gas
flowratioof zeroand3 percent.A 3-percentdilutionwaschosenas
beingsufficientlylargeto @dicateanysignificantchangesinthrust
overtheuncooledcondition,andasbeingrealisticfroma spray-coollng
steadpoint.Theuncooled-engineoperatinglhnitsdeterminedfromblade
materialpropertiessreindicatedby verticsllinesonthefigure,snd
linesofconstantpercentofdesi~”turbine-exitaxialcriticslvelocity
ratioandcompressorsurgearealsoshown.Thedottedportionofthe
curvesrepresentsan extrapolationfromthecalculatedpointsto the
compressorsurgeoperatinglimit.Thefigurepresentsthethrust
ticreasesavailableifitwerepossibleto operatetheengineat inlet-
gastemperaturesWd speedsabovetherated,condition.withoutcooling.
Thethrustincreasesare*out onepercent-lessthsnforthe3-percent-
dilutionspray-cooledcase,indicatingthattheamountofthrustincrease
Isalmostexclusivelyduetoengineoperationathigherenergylevels.
Theusefulnessofspraycoolingistopermitengineoperationat
increasedgastemperaturesintherangetotherightoftheverticsl
stress-limitlines,therebyachievingthelargethrustincreasesshown
providedlimitingloadingoftheturbinedoesnotoccurortheturbine
efficiencyis.notappreciablydiminished.Thelinesofconstantpercent-
of-designaxialcriticalvelocityratioonfigure5(a)(computedfora
designvelocityratioof0.7)indicatetherangeofoperationpermitted
by theturbine.FortheJ33turbinea conditionofmaxhnumturbinework
probablyoccursforanexitaxielcriticslvelocityratioapproximately
10percenthigherthanthedesignvalue.Withtheuncooledenginea
maximumthrustincreaseofapproximately6 percentcanbe achievedfora
10-percentincreaseinthecriticalvelocityratioby increasingthe
enginespeedanddecreasingtheturbineinlet-gastemperature(achieved
by increasingtheexhaust-nozzleopening)topreventoverstressingthe
blades.IXspraycoolingwitha dilutim-of3 percentisadequateto
permitengineoperationata conditionof10percentoverspeedenda
turbineinlet-gastemperatureof2000°F, a thrustincreaseof40percent_
overtheratedconditionispossiblewitho.glya slightincreaseinthe
turbine-exitaxialcriticslvelocityratio.ThisoperatingconditionIs
citedasprobablyrepresentingthemaximumobtainablewithoutrequiring
majormechanicalmodificationstotheengine.,

.

— .

--
,

~ summaticmthesecalculationsindicatethatlsrgegainsinthrust
areavailableiftheenginecanbe operatedat.conditionsoftemperature

—

endspeedaboverated.ThesethrustincreasesarealmostsolelyduetQ
operationathigherenergylevels.Theincreaseinthrustduetothe- - ‘.“-.
additionof a waterspray(3-percentdilutitin)isvirtusllynegligible. —

Compressorwaterinjection.- Thevariationof calculatedengine
thrustat sea-levelstaticconditionswithturbineinlet-gastemperattie
forseveralcompressorwater-injectionratesup
andenginespeedsup to10percentoverspeed.is

to thesaturationltiit a—
showninfigure5(b).

.
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As inthepreviousfigure,theuncooled-engineoperatinglimitsare
indicatedby verticallines.Linesof constantpercent-of-designturbine-

. exitsxialcriticalvelocityratidsudcompressorsurgearealsoshown.
Foruncooledoperationandwithcompressorwaterinjection,a thrust
increaseof approximately6 percentovertheratedconditioncanbe
achievediftheturbine-exitaxialcriticalvelocityratioisrestricted
to approximatelya 10-percentincrease.As indicatedintheprevious
section,substantialthrustincreasesareavailableby engineoperation.
at ticreasedenergylevdsj however,evengreatergainsmaybe achieved
by me of compressorwaterinjectionattheseelevatedengineoperating
conditionsovertherangewheretheoperationisnotlimitedby the
turbine.Atthemaxinnnnwater-i.njectionratetheseincreasesareofthe
orderof10percentagepointsabovethezerowater-injectioncondition
overmostofthetemperaturersngesndalltheoverspeedconditions
considered.For10percentoverspeedat a turbineinlet-gastemperature
of 2000°F, thisadditionalthrustticreaseof10percentagepointswith
waterinjectionisaccomplishedwithapprox~telya 20-percentincrease
intheturbine-exitvelocityratio.

h figure6 is shownthec~mison ofthe thrustincreaseobtain-
ableat a gastemperatureof2000 F withsimplespraycooltig,witha
conibtiationof spraycoolingandcompressorwaterinjection,endwithout
eithermethod,if itispossiblefroma stressandaerodynamicdesign
standpointto operatetheengineunderalltheseconditions.Froma
stressstandpoint,operationat2~0° F withoutadequatespraycooling
would,of course,necessitatemuchstrongerhigh-temperaturematerials.
thanarecurrentlyavailable.Thepercentageincreaseinthrustoverthe
ratedvalueisplottedagainstenginespeedforconstantturbineinlet-
gas temperature. At a turbineinlet-gastemperatureof2C00°F, the
maximumcompressorwater-injectionrate(0.0403)plusa coolant-to-gas
flowratioof3 percentforspraycoolinghasbeenselectedfor”compari-
sonwiththezerowater-injectionratesndthe3-percent-dilutionspray-
cmled conditim.Thecurveshowingthecombinationof compressorwater
tijectionsndspraycoolingwasobtainedbyaddingthethrustincrease
betweenthezeroand3-percentspray-cooledconditionstothethrust
inc~aseobtainedbycompressorwaterinjectionat saturationflowat
2000 F (fig.S(b)).Aminhum thrustincreasewithcompressorwater
hjeCtiOII of9 percentagepointsanda msxtiumincreaseQf13percentage
pointsoccuratratedsmd10percentoverspeed,respectively,overthe
zerowater-injectionrate. Itisthereforeapparentthatthegreatest
gainsmaybe reslizedifcompressorwatertijectioncsnbe utilizedat
elevatedengineoperatingconditions.Thesimplespray-cooledcondition
fora 3-percentdilutionprovidesonlyslightlygreaterthrust(1per-
centagepoint)thautheuncooledconditionorthezerowater-injection
rate. It shouldagainbe notedthatengtieoperationinthewholeover-
temperature,overspendrangeisnotpossiblew,ithoutspraycoolingusing
Currentturbinematerials.Withtheassumptionthatadequatesprsy
coolingcanbe achievedwitha 3-percentdilution,a combinationof spray

——
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cooling andcompressorwaterinjection, requiringa totaldilutionof
7 percent,willpermita 52-percentincreaseinthrust.Tmnslatedin
termsofwaterrequirementsforl-minuteoperation,whichshouldbeade
.quatefortake-offapplicationinanaircrafttitillation,thisdiluti
isequivalentto45 gallons.

1-

.On

Thecompressorwater-injectioncalculationsindicategenerallythat
thrustincreases,about10percentagepointsabovethezerowater-injection
ratecanbe achievedovermostofthetemperaturerangeandalltheover-
speedconditionsconsidered.Thiscontrastswitha thrustincreaseof
only1 percentagepointcalculatedasbeingobtainablewiththesimple
spray-cooledconditionincomparisonwitha zerowater-spr~rate.

Theresultsofthissmslysisare,ofcourse,sffectedby thesin@i-
~g asswtiOnscitedpreviously.Thesnalysiswasmadefora
centrifugal-flowengine,sndthetrendoftheresultsisapproximately
applicableto an exial-flowengineaswell. Theseassumptionsservedthe
purposeofs@ltiytigthecalculations,andtheirneteffectuponthe
final.calculatedresultsappearstobe negligible.

Water-sprayentranceangle.- Calculationsweremadet?dete~~e
theeffectofwatervelocityonthe-e of ~cidenceofthewater .
relativetotheplaneofturbinerotatim. TheresultsoftheseCaCU- _
lationsareshowminfigure7. Thesingleofthewatersprayrelative
totheplsneofrotorrotationisplotteddgainstthewatervelocityfor
engtiespeedsof4000,8000,and,ll,500rprn.Thecurvesforeachspeed
weredeterminedfortheblademidspsnposition.Thefigureindicates -
thatasthevelocityofthewaterleavingthestatorincreasestheangle
ofthewatersprayrelativetotheplaneofturbine-rotorrotation
increases,andthewaterstrikestheblademorene~ly attheaerodynamla
gasentranceangle.Forenginespeedsof@, 8003,and11,5~ rpm~
watervelocitiesof700,1400,snd2~ feetpersecond,respectively,
arerequiredtoprovidetheaerodynamicgasentrsmcesngleof123°meas-
uredfromtheplaneofrotorrotation.Watervelocitiesofthismagnik~e
cammtbe achievedsiuplyby increasingthepressuredropacrossthe
injectionnozzles.Suchpressure-droprequirementsw~d be prohibit~~e.
(apressuredropof 26,500lb/sqin.istheoreticallyrequiredtopro-
videa watervelocityof2000ft/see,whereasa,maximumvalueof about
~~ lb/sqin.wasavailable).Thusitappearsthatthewaterspraywill
strikethebladesuctionsurfaceunlessthesprayisadequatelyaccelera-
tedby thegasstresm.Thisfigurewillsubsequentlybereferredtowhen
theexperimentalresultsobtainedfromthis”investigationsrediscussed.

ExperimentalResr@ts

Vide
well

ThemodifiedJ33engineunderinvestigationwasinstrumentedtopro-
bladetemperaturedistributionsof internallyair-cooledbladesas
as solidHaynes-Stellite21bladestithsprayCOOl@30 Becauseof

thelarge”range;f coolingandengineconditionsconsideredandthegreat
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s, numberoftemperaturedistributionsobtained,onlythosefortheinjection
configurationgivingthemostfavorableresultsovertheentirespeed ..—
rangesrepresented.Thesedatamaybe applicableto otherturbine

. enginesbecauseof thewiderengeofenginespeedsconsidered.

Air-cooledblades.- Theeffectivenessofwater-spraycoolingwith
internallyair-cooledbladeswasinvestigatedatenginespeedsof4000
-d 8CX)0rpm(tipspeedsof454and908ft/see)as a meansoftemporarily

-.

a~enting thecoolingachievedatthebladeleadingandtrailingedges.
Typicalchordwiseandspsnwisetemperaturedistributionsof internally
air-cmledbladesobtainedatthesespeedswithtwoinner-diaphra~
iqlectionnozzles(seefig.3) areshowninfigure8. A constantair- ‘“
coolant-to-gasflowratioof0.050wasprovided,andbladetemperature
distributionsareshowziforwater-coolant-to-gasfIowratiosof zeroand
0.0071.Themidchordbladetemperatureonthebladepressuresurfaceis
plottedagainstthebladespaninfigure8(a). Themidchordposition
wasselectedasrepresentingthetemperatureofthecriticslportionof
theblade.Spacelimitationsimposedbytherotatingthermocouplepickup
preventedobtaininga similsrspanwisetemperaturedistributionforthe
midchordpositiononthebladesuctionsurface.Forthespray-cooled
conditionat“both4000smd8000rpm,themaximumtemperaturedifferenc~ -
inthebladeisapproximately350°F. A temperaturedifferenceof200 F
occursatthessmespeedsfortheshple air-cooledcase. Thegreatest
degreeofcoolingisachievedoverthelowerportionoftheblade,which
isnesrerthespraysource.Somecool- isachievednesrthebladetip
asthewatersprayissweptoutwardalongtheblalesurfaceby centrifugal

. force.Similartrendsof ~eatercoolingover’thelowerportionof,the
bladeoccurwiththeotherinjectionconfigurationsinvestigated,snd
thereislittledifferencebetweeninjectionconfigurationsinsofsrasthe

●

radisltemperaturedistributionofair-cooledbladesisconcerned.
.-

Thechordwisetergperaturedistributionssmoundtheblademidspan
showninfigure8(b)arerepresentativeofthetrendsoccurringat all
water-coolant-to-gasflowratiosinvestigatedandat allspanwiseposi-

-.

tionswiththisinjectionconfiguration.Coolingisachievedto a maxi-
mumextentneartheleadingedgeonthesuctionsurfacewiths ray
cmling. gDecreasesinbladetemperatureof about730°and520 F from
theshpleair-cooledcaseoccuratthispointduring8perationat4~
ad 8000rpm,respectively.Thebladetrafiing-edgetemperatureis
reducedfromthesimpleair-cooledcaseabout200°F onthepressure
surfaceandabout120°F on thesuctionsurface.As showninfigure7,
whichiscalculatedonthebasisthatthewatersprayassumesthedirec-
tfonofthegasflow,reasonablylowwatervelocitieswererequiredat
thesespeedstoprovidegoodcoolantmverageonthebladepressuresur-
face. Thechordwisetemperaturedistributioninfigure8(b),however,
indicatesthatthewatersprayvelocityisnotsufficientlyhighforthe

● waterto cooleffectivelyonthepressurestiace. Itshouldalsobe
notedthattheair-cooled-bladeleadingedgeismorebluntthanthatof
a solidblade.Also,whensucha bladeisplacedbetweentwosolid.

. . ,.,
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blades,thepassageconfigurationissomewhataltered.Thesefactors ,<

probablyeffectthewater-coolantcoverageoftheair-cooledbladesas “-
well. Atbothspeedsinvestigatedthesuctionsurfaceoftheinternally ,“--
air-cooledbladesiscooledmorenoticeably”withspraycoolingthanthe
pressuresurface.Itshouldbenotedthatconductionfromonesurface
ofthistypeofbladetotheotherispreventedby theairspace.
Slightlylesseffectivecoolingwasobtatnedwiththeotherinjection
configurationsinvestigated,butno significantgeneralchangeinthe
coolingpatternwasapparent. !!w

No temperaturedataareavailableforspraycoolingofair-cooled
bladesatratedspeed.Attemptsatrated-speed(11,500rpm}operation
resultedh repeatedbladefailures.Figure9 showscracksattheroot
ofan air-cooledbladewhichwerecharacteristicofalltheair-cooled-
bladefailures.Thefailuresoccurredinallcasesatthebrazedfillet

—

betweentheshellandbaseofthebladeandappeartohaveoriginated
new theleadimgedge.Thisisprobablyduetounequslthermalexpansion
resultingfromthehightemperaturedifferencesoccurringatthisToint
ontheblade,as indicatedby thechordwisetemperaturedistributionof
figure8(b).Asa consequenceoftheserepeatedfailures,itdoesnot
appearthatwater-spraycoolingutilizinginjectionconfigurationssuch
asthoseemployedinthisinvestigationisa satisfactorymethodof
a~entingthecoolhgattheleadingandtrailingedgesofthistypeof
internallyair-cooledblade.

Standardbladespraypattern.- Useofordinsrywaterinthespray-
coolingprocessresultsinthedepositionofminer~sonthehl~e SU- .

*

face.Thepatternobtainedtshereinreferredto asthebladespray
patternandprovidesa visualmeansof interpretingthebladetemperature =
distributionsobtained.Figure10 showssucha spraypatternobtained _
atrated-speedconditionswitha ccmibinationoftrailing-edgeemdinner-
diaphragminjectionconfigurations.Thisparticularpatternwaschosen
forillustrationbecauseitprovidedthegreatestclsrityofallthose
available.Thespraypatternonthesuctionsurfaceisshowninfig-
ure10(a).An areaofdepositionisapparentoverthebladesurface.
Eachheavywhitelineconsistsofmineraldepositsfromthewaterand
probablyrepresentsetheboundary-betweenthe-wettedandunwettedportions
ofthebladesurface.Theorderlypatternofthelinesofdeposition
evidentlycorrespondtodifferentvaluesof coolantflow. Astheflow
ratewasincreased,moreofthebladesurfacewaswettedby thecoolant.
Aftera certainratewaareached,furtherincreasesprobablyresultedin
thespraybeingsweptoffthebladewithoutwettinganymoreoftheblade
surface.Figure10(b)showsthepatternonthepressuresurfaceofthe
bladefortheseineoperatingcondition.A definiteboundarybetweenthe
wettedandunwettedsurfacesisnotapparentfromme spraypattern.The
vaguepatternindicatesthatsomewaterappeientlyevaporatedfromthis
surfacewithoutactuallywettingthesurface.

.
Thusitappearsfroma

considerationofthespr~ patternthatthereis,adefinitetendencyfor
thewater.to strikethebladesuctionsurface,indicatingthatthewater
doesnotenterthebladesattheaerodynamicgasentranceangle.

,

-.

-.
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Spraycoolingof standardblsdes.- ~ figure~ arepresentedthe
spanwisead chordwisebladetemperaturedistributionsof standardrotor
bladesobtainedwiththeinner-diaphragmtypeof injectionconfigurateionk
atenginespeedsof4000,8000,and11,500rpm. Thedataarepresented
forcoolant-to-gasflowratiosof0.~72,0.0077,and0.0089forthese
respectiveenginespeedsandforzerocoolantflowateachofthese
speeds.An attemptwasmadetoprovidea comparisonat a constant
coolsnt-to-gasflowratiofordl speeds;howev~,thecoolant-to-gas
flowratioof 0.0089(2360poundsof coolantperhour)wastheminimum
obtainedat1.1,500rpmand0.0077wasthemaximumobtainableat 8~ rpm
withthistypeof injectionconfiguration.Thespanwisetemperaturedis-
tributionisshowninfiguren(a). Atthebladetipendrootsections
fortherunsat4000ad 8~ rpm,onlyonemidchordtemperaturewas -,
available;consequentlyalltemperaturesplottedareforthemidchwd
positiononthesuctionsurface.Itappearsthatspraycoolingis
rathereffectivesincea maximumtemperaturereductionof approximately
9(X1°F isobtainedatratedspeedwitha cmlsmt-to-gasflowratioof
lessthan1 percent.Thesmallestradialtemperaturedifference(150°F)
occursatratedspeed.Thisisonly50°F greaterthantheradialtem-
peraturedifferenceoccurringattheuncooledconditionandshouldnot
havea noticeableeffectuponthebladestressalongthemidchordposi-
tion. A morepronouncedradialtemperaturedifferenceoccurredatrated
speedwiththeothertypeof injectionconfigurationinvestigated.The
appreciabletemperaturedifferenceof440°F whichoccurredat anengine
speedof.8CX)0rpmcouldprobablybe decreasedby operationata somewhat
highercoolantflowrate. A somewhatsma~ertemperaturedifference..
occurredwithotherinjectionconfigurationsinvestigatedata similar
coolant-to-gasflowratioandenenginespeedof 8~0 rpm,althoughthe

. temperaturedifferencewasmorepronouncedatratedspeedwiththesecon- “
figurations-.

A chordwisetemperaturedistributionaroundtheblademidspauis
showninfiguren(b) forthespray-cooledandtheuncooledcase.With
a cool~t-to-gasflowratioof0.0089,thebladetrailing-edgetemperature
is850 F atratedspeedandrepresentsa reductionof4~0 F inthe
trailing-edgetemperature.Amsximumtemperaturedifferenceofabout
600°F betweentheleadingandtrailingedgeandan averagemidsp=blade
temperatureof500°F, as comparedwithanuncooledbladetemperatureof
about1260°F, occurred,whichmakestheinner-diaphra~injectioncon-
figurationappearrelativelypromising.Runswithincompleteinstru-
mentationindicatedthatincreasedcoolantflowdecreasedtheleading-
edgetemperaturebutdidnotreducethetrailing-edgetemperature
appreciably,therebyincreasingthetemperaturedifferenceacrossthe
blade.Thetemperaturedistributionsonthepressureandsuctionsur-
facesof standardbladeswhenspraycooledsregenerallymoresymmetri-
cal.abouttheleadingedgethanforthecaseof internallyair-cooled* bladeswhicharespraycooled.Thisisdueto conductionthroughthe
blademetalwhichpreventslargedifferencesintemperaturelevel
betweenthebladesurfaces..
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Anotherfeatureshownhereistheeffectivecoolingachievedatthe
bladetrailingedgeat4000and80C0rpm,andthemuch’lesseffective
coolingofthetrailingedgewhichoccursat11,500rpm. Thechanging
shapeofthechordwi.se-temperature-distributioncurvemaybe e~lainedby
a considerationoffigure7 andconjectureastotheprobablepathofthe
watersprayaswellasreferencetothespraypatternshowninfigure10.
Figure7 indicatesthatforenginespeedsof40C@,8000,and11,500rpm,
watervelocitiesof 700,1400,and2000feetpersecond>respectively,
arerequiredforthewaterto strikethebladeneartheaerodynamicgas
entranceangle.Itisassumedthat,ifthewatervelocityissufficient
to strikethebladeatthissngle(123°atthemidspanbladeposition),
itwillbe depositedalongthepressuresurfaceofthebl~e ad will_.
effectivelycoolthetrailingedge. H thewaterspraystrikestherotor
bladeata smallerengle,however,sothatitisdepositedalongthe
suctionsurface,it islesslikelytofollo’Wthebladecontourandmaybe
sweptoffthebladenearthemidc-herdposition.Asa result,thetrauing
edgewillnotbe wellcooled.Thisconjectureseemstobe corroborated
by thetypicalspraypatternobtainedwitha standardbladeatrated
speed.Thevelocityof700feetpersecondrequiredforwaterentrsnceat
theaerodynamicgas,entranceangleat4000ipmisprobdblyattainedby the
waterspraybecauseoftheacceleraticmby thegasstream.At’80~rpm
thetrailingedgeisnotsow@lLcooledandthesuction-swrfacemidchord
temperatureisslight~ylowerthsnthepressure-surfacemidchordtemper-
ature.Inthiscaseit isprobablethatson&oftiQesprayisaccelerated
to a speedof1400feetpersecond,thuswettingthepressuresurface,
whiletheremainderisnotsufficientlyaccelerated,causingitto strike
thesuctionsurface.At11,5CXIrpmtherequiredwatervelocityof
2000feetpersecondapparentlyisnotachieved,andonlytheleading
portionoftherotorblade(particularlyonthesuctionsurface)is
effectivelycooled,as indicatedby thespraypatternoffigure10.

Theinner-diaphragmtypeof injectionconfigurationwastheonlyone
whichcooledthetrailingedgeeffectivelyatboth4~0 and8000rpm.
Thelargetemperaturedifferenceacrossthe.bladeasa resultoftheh@h
leading-edgetemperaturesatthesespeedscanprobablybedecreased%y
useofa ccmibtiationofstatortrailing-edgeemdinner-diaphragminjection
nozzlessincetheformertypealwaysprovidedexceuentcoolingatthe
rotor-bladeleadingedgewhentestedindividually.Sucha nozzlecombina-
tionwasnotcheckedatlowenginespeeds.Atratedspeed,however,this
suggestednozzleconfigurationprovidedlowerleading-edgetemperatures
(byshout100°F) thanthesimpleinner-diaphragmconfiguration.The
disadvantageof installationdifficultieswithstatortrafling-edge
nozzles,however,overbalancestheslight“gainh coolingobtained.In
viewofthehighchordwisetemperaturegradientsobtainedatratedspeed
withalltheinjectionconfigurationsinvestigated,furtherreseerchis
indicated.

Twobladefail~es,onean instrumentedblsdewithconsiderableblade
metalremovedto accommodatethethermocoupleinstallation,occurredduring

.*
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>
rated-speedoperation,prolxiblyasa resultoflargebladetemperature
differences,withan injectionconfigurationconsistingof stator-blade

. suction-surfacenozzles.Whetherornotsimilarfailuiesmayoccurwith : -
theinner-diaphragmtypeof injectionconfigurationundermoresevere
operatingconditionscanonlybe determinedby actualtest. Itshould
be notedthatundercertainconditions,ccmbatmaneuvers,forexsmple,
moresevereshockconditionswillbe encounteredby thebladesh anair-
craftspray-coolingapplicationthaninthisinvestigation.

m
Thisisdue

to thenecessityof injectingthewaterspraywhilethetwbtieiSbetig
%N operatedatmaximumpowersadthebladessreapproximatelyat gastem-

perature.Failureduetothermalshockisrecognizedasa sepsrate
problemrequiringinvestigation,butonethatis.notbelievedtobe insur-
mountable.Inthepresentinvestigation,however,anattemptwasmadeto
minimizethisproblembyinjectingthewatersimul.teneouslywiththe
enginestsrtsinorderthatdataasto thegeneralcoolingeffectiveness
of sprsycoolingmightbe obtainedmorereadily.

Comparisonofwater-iajectionconfigurations.- A comparisonof the
reductionsinbladetemperatureobtainableby water-spraycoolingwith
severalconfigurationsatratedspeedisgiveninfigure12. Thediffer-
encebetweentheeffectivegastemperature‘gje andtheaverageblade
temperatureTB,av integratedsrouudthebladeperipheryatthemidspan
positionisplottedagainstthecoolant-to-gasflowratio.Thedataare
plottedasa temperaturedifferencetomaskouttheeffects”of small

. chsmgesingastemperaturewhichoccurredduringengineoperationwith
theseinjectionconfigurations.Thecomparisonisvalidonlyforthe
conditionsatwhichtheenginew- operatedanddoesnotreflectthe

. existenceoflargetemperaturedifferencesintheblade.Itcsnnotbe
usedasa correlationtithedsuitableforextrapolationto otheroperating
conditions.

Forallthenozzle-configurationsconsidered,a rapidincreasein
bladecoolingoccursup to a coolsnt-to-gasflowratioof 0.010.Beyond
thisdilutionthedegee ofcoolingdoesnotincreaserapidlywith
increasesincoolaut-to-gasflowratio.Oftheinjectionconfigurations
forwhichthereweresufficientdatatomakethiscomparison,theone
whichemploysironer-diaphragmnozzlesindicatesa highdegreeof effec-
tiveness,ase~ected. However,itappearsthatthestator-trailtig-edge
configurationby itselfisalsohighlyeffective.~is resultsfromthe
factthatthestator-trailing-edgeconfiguration”tendsto cooltheleading-
edgeportionof therotorbladeexcessively,thusprovidinga lower
averagerotor-bladetemperatureandresultingina largechtidwisethermal - 1
gradient.Useoftheinner-diaphr~typeof injectionnozzleprovides .
moreevencooltigaroundthebladeperiphery.

b Thecombtiationof statorsuction-surfaceandtrailing-edgenozzles
providedtheleasteffectivecoolingof alltheconfigurationsshownin.

.

e-
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the figure.Thelimiteddata~notshown)obtainedwithstator suetion-
surface nozzles alone atratedspeedindicatedslightlylesseffective
coolingthanwhenthesenozzleswereoperatedinconibinakicmwithstator
trailing-edgenozzles.Althougha datacomparisonisnotshown,it
shouldbe notedthatthevariationinthespanwisepositioningofthe ““
nozzlesalongthestator-bladesuctionsurfacesd trailingedge(three
nozzlesperbladespacedequaldistancesapart,butlocatedcloserto
thebladebaseinonecasethsmtheother)resultedinslightdifferences
inthecoolingeffectivenessachieved,thelgwerpositionbeingbetter@
allcases.Thelimiteddataavailable”indicatethattheWer-diaphragm
nozzlesby themselvescooledslightlybetter.thanthecombinationstator
trailing-edgeaudinner-diaphragminjectionconfiguration.Neitherthe
statorsuction-surfacenozzlesnorthetier-diaphragmnozzleswere
operatedovera completecoolant-to-gasflowrangeindividuallybecause
ofthermocoupleinstrumentationdifficulties.Considerationofallthe
factorsinvolvedina comparisonof @jectionconfiguratimsindicates
thattheinner-diaphragminjectionconfiguratimbesidescoolingeffec-
tivelyisalsothemostdesirableofthetypesinvestigatedfromthe
standpointof installationandmaintenanceease.Muchofthecomplicated
drillingandweldtigrequiredfortheotherconfigurationsiseliminated
intheoriginalhstallation.Also,difficultieswiththedevelopment
ofweldingcracksduringengineoperationsuchasoccuraroundthestator
trailing-edgenozzlesareeliminatedandalmostunlimitedo~erationwith-
outnozzlerepaircanbe achieved.

Comp=isonofthemannerinwhichthenuniberof injectionstations
aroundthestator-ringcircumferenceaffects,coolingcannotbe shown
readilyby meansofa plotsimilarto thatoffigure12becauseinsuffi-
cientdataareavailable.Resultsat40~ and8~ rpmindicatedthat
slightlybettercoolingoccurredwhentworatherthanfourinjection
stationsaroundthestator-ringcircumferencewereemployed.Useof one
injectionstationdecreasedthecoolingeffectiveness,indicatingthat
concentrationofthesprayisbeneficialonlytoa point.Thereisnot
sufficientdata,however,toprovidea completecomparison,anddefinite
conclusionscannotbe drawn.

Extrapolationof spray-cooleddata.- Inorderthatsomeindication
maybe obtainedastothesmountofwaterrequiredforengineoperation
intheraugeofhighgastemperaturesandoverspeed,anextrapcAationwas
madefromdataobtainedatratedspeedandatthreegastemperatures
withani~ectionconfigurationconsistingofa combinationof inner-
diaphragmandstatortrailing-edgenozzles.Figure13showstheexperi-
mentaldatauponwhichtheextrapolationwasbased.The.efficiencyof
thespray-cooledprocess

r

.

—

-b.

—

.

.
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.
isplottedagainstww/wg0”75forseveraleffectivegastemperatures.
Theefficiencyreachesa maximsmfora ‘gje of1260°F at a valueof*
thecoolant-to-gasflowparameterof0.0275.Morecoolingcanbe
effectedathighervaluesofthecoolant-to-gasflowparameter,although
theefficiencyoftheprocessdecreases.Additionaldatatoverifythis
trendarenotavailablesincetherated-speeddatawereobtainedlastand
failureoftheweldseamsaroundthestator-trailing-edge-nozzlein~ec-

n) tion’stationspreventedfurtheroperation.
g

Theresultsofthedataextrapolationwiththelowestormostcon-
servativecurveoffigure13 arepresentedinfigure14. Therequired
coolant-to-gasflowratio.isplottedagatistturbineinlet-gastempera-
tureforvsriousoverspee1 conditions.A coolant-to-gasflowratioof
3.15percent(equivalentto a coolantflowrateof 20gal/rein)is
requiredforoperationat am overspeedof10percentanda turbineinlet-
gastemperatureof 2000°F. Thiscoolantflowisapproximately30per-
centlsrger thanthecalculatedfuelflowatthisoperatingcondition.
Engineoperationat5 percentoverspeedandatthesamegastemperature
canbe achievedwithlessthm onehalfthesmountof coolantflow
requiredfortheconditionof10percentoverspeed.

Thepositioningof thesecurvesislargelydependentuponthe-value
ofthestress-ratiofactorselectedsinceit isnecessaryfordeter-
miningtheallowablebladestress.Sincetheextrapolationmethodis
basedonanaveragemidspsnbladetemperature,a stress-ratiofactorof
3.25wasarbitrarilyselectedinordertoaccountforadditionalblade
stresses inducedby temperaturegrsdientssuchas existedintheblades
atratedenginespeed.Thisvalueismorethautwiceasgreatasthat
employedforan air-cooled-bladedesignwhichhasbeenoperatedat
ratedengineconditions(ref.5)andshoutthreetimesasgreatasthat
employedforstsndardHaynes-Stellite21bladesintheJ33engine.
Whetheruseof sucha ssfetyfactorisadequateto-accountforthe
adverseeffectsofhightemperaturedifferencesisnotknown,andthere- -
foretoomuchsignificanceshouldnotbe placedupontheratheropti-
misticresultsindicatedinfigure14. However,theseresultsserveto
indicatethatrelativelysmallquantitiesofwaterareinvolvedinthe
applicationof spraycoolingtoachievethelargethrustincreaseavail-
ablefromengineoperationat conditionsaboverated.To achievean
inlet-gastemperatureof 2000°F andanwerspeedconditionof 10per-
centwiththeinjectionconfigurationinvestigatedrequiresa spray-
cooling-processefficiencyofapproximately13percent,ifa stress-ratio
factorof3.25isassumed.Thisvalueisconsiderablylessthanthe
maxtiumefficiencyattainableshowninfigure13.”It isinterestingto
notewhatspray-coolingefficiencymaybe requiredatthemsximumengtie
operatingconditionforratedspeedcalculatedinfigure5(a)(inlet-gas
temperatureof2400°F) withtheltiit~ 3-percentdilutiondesignated.
Ifa morerealisticstress-ratiofactorof2 is

-

adequateto accotitfor
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.-

theeffectof stressesintroducedby temperaturegradients,a spray- a-
cooling-processefficiencyofapproximately”15percentwouldbe required
atthisoperatingcondition. --d

h general, the experhnentalphaseoftheinvestigationindicated
thatthebestcoolingfromanover-allstandpointwasa$hievedwiththe
inner-diaphra~typeof injectionconfiguration.Evenwiththisco~ig-
urationa highstress-ratiofactorwillprobablybe.requiredto account
forlargetemperaturedtiferencesinthebl~e ifoperationatoverspeed,
over-temperatureconditionsiscmtemplated.Finallyitappearsthat
cooldnt-to-ga~flw”requirementssrbofthesameorderofmagnitudeas
thoseoriginallydeemedrealisticandconsideredinthe~alytic~Per-.
tionoftheinvestigation.

●

SUMMARYOF RESULTS

-..
.—

.-.——

Thefollowingresultswereobtatiedfrom~ ~vestigationof.water- .
spraycoolingconductedwitha modifiedJ33-A-9turbojetengine:

1.Withtheassumptionofadequatespraycoolingata coolant-to-gas
flowratioof3 percent,calculation fora modfiiedJ33engineat sea-
levelstaticconditionsindicatedthata thrustincreaseup to40per-
centoverratedthrustmaybe achievedby engtieoperationatm wet-
gastemperatureof 20W0 F andanoverspeedof 10percent.A calc@ated
thrustincreaseof52percentmaybe achievedwitha totalcoolant-to-
gasflowratioof7 percentifcompressorwaterinjectionCm alsobe
appliedattheseconditions.

.,..- .-
*..- .

2.Water-spraycoolinga?a mesnsoftemporarilyaugmentingcooling
attheleadingandtrailingedgesof air-cooledbladeswasnotsatis-
factoryforthewater-injectionconfigurationsusedinthisinvestigation.“- ““
Repeatedbladefailuresoccurredatthebrazed$mctionbetweentheblx _
she31md base;probablyasa resultoflargebladet~eratured~?er-. ..ti,
enceswhenrated-speedoperationwaaattemptedwithspraycooling.Two
standard.Haynes-Stellite21blades(onean instrumentedbltiehavingcon-
siderablemetalremoved)failedduringspray-cooledope~ationatrated
enginespeed.Bothfailureswereprobablycausedby ls&getemperature
differencesinduced’byspraycooling.

.-

-.

—

3.Withtheuseof inner-diaphragmnozzles,water-spraycoolingof
standardHaynes-Stelliteo21bladesresultedinan averagemidspanblade .-

temperatureof about500 F atrated-speedoperationwitha coolant-to-
gasflowratioof0.0089,ascomparedwithanuncooledbladetem rature
of about1260°F. FAmaxhnnntemperaturedifferenceofabout600 F
betweenthebladeleadingandtrailingedgeoccurredatthisoperating
condition.No appreciableradialtemperaturedifferencewasobservedat Y
theratedcondition.

-.--, -- -..--—

.
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●

❉

4. Allinjectionconfigurate}onsimvestigat@providedhighchordwise -.
temperaturegradientsinthebladesatrated-engine-speedoperation.

b
5. An injectionconfigurationconsistingof spraynozzleslocated

titheinnerringofthestatordiaphragmappesredtobe thebestofall
theconfigurationsinvestigatedfromtheover-allstandpointof cooling
effectiveness,installation,andmaintenance. .....

6.Calculationsbasedon strengthpropertiesofthebladematerial,
anarbitrarystress-ratiofactor,snd-extrapol~tibnofrated-speedspray-
coolingdataindicateda spray-coolingrateof 20gallonsperminutewas -
requiredtopermitoperationofthisengineat sn inlet-gastemperature
of20CX30F andan overspeedconditionof 10percent.Thisflowrateis .
approximately30percentlargerthsmthecalculatedfuel-flowrequire- ..
mentsatthisoperatingcondition.

. .

LewisFlightPropulsionLaboratory
NationslAdvisoryCmmnitteeforAeronautics .—

Clevelsnd,Ohio
—.

—



26 I’?ACABME53A23

APPENDIX- SYMBOLS
.

A cross-sectionalarea,sqft
.-.

-+

a velocityof sound,ft~aec .—--

% specificheatat constantpressw.ej Btu/(lb)(%)

c% specificheatatconstantvolun@~Btu/(lb)(%!’)

F thrust,.lb ‘::-:8 ‘--
.

F constant

f/a fuel-airratio

~ accelerationdueto gravity,ft/sec2 -.

H gas-to-bladectivectionheat-transfercoefficient,
Btu/(sqft)(sec)(%)

h’ enthalpybasedonsta~ationcondition,Btu/lb

hfg heatofevaporation,Btu/lb ~- .

J mechanicalequivalentofheat,778ft-lb/%u q

K1 toK4 constshts .--.
--

k thermalconductivity,Btu/(ft)(sec)(%)

M Machnumber,V/a .-

IiJ enginespeed,rpm -.
-L. -.

HU Nusseltnumber,Hx/!k

Pr Prandtlnuniber,cp~/k

P gasstaticpressure,lb/sqft :. -.

P’ gastotalpressure,.lb/sqft — ,-

Q rateofheatflow,Btu/hr .: —.

R gasconstant,ft/OR ,. i-

Re Reynoldsnuniber,PVx/I.I
.
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s.

T

T’

“T“

v

w

ws

x

z

a

B

T

5

n

e

A

w

P

a

radius,ft

bladesurfacearea,sqft

temperature,orgasstaticlxmperat~e,‘Ror %

gastotaltemperature,OR or %’

gastotaltemperaturerelativetorotor,OR or%’

absoluteveloctty,ft/see

relati.vevelocity,ft[sec

weightflow,lb/see

characteristicdimension,ft

exponent
.

statoroutletangle,deg

anglerelativetoplaneofrotorrotation,deg

ratioof specificheats,cp/’v

efficiency

T‘/TO

recoveryfactor

viscosity,lb/ft-sec

gasdensity,lb/cuft

efficiencyof

Subscripts:

a air

ac actual
* av average

. B blade

spray-coolingprocess

t
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compressor -,-

effective

fuel .

gas

rotor

isentropic

total ,

turbine

water

NACAsea-levelair --

compressorinlet

atendof saturatedcompression

compressoroutlet.

turbineinlet

turbineoutlet

atexhaustnozzle
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TABLE1.- RANGECF OPERATINGCONDITIONS

NACAFME53A23

Blade EngineWater- Effective Air- Water-coolant-
t~ speed,injection gas coolant- to-gasflow

rpm configurateionstemperature~to-gas ratio
9. flow

ratio

Aircooled 4000OneT.E.(low) 1130 0.05
(fi:d2(a))

0.0017to 0.0056
TwoT.E.(low) 1150 .0031to .old.
FourT.E.(low) 1150 .0044to .017

Stazldsrd OneS.S.
[
low) 1125-- .0010to .0043

(fig.2(b)) TwoS*S* low) 1150 .0023to .0085
TwoS.s.(low)

twoS.S.(high) 1150 .0030to ●017
OneI.D. 1140 .0021to .0084
TwoI.D. 1150 .C047to .017

8000~0 T.E.(1OW) 1040 0.0021to 0.0062
FourT.E.(Iow) 1090 .0015to .012
TwoT.E.(low)

and
twoT.E.

[
high) 1020 .0027to .010

TwoS.s. low)
and

twoS.S.(high] 1070 .0032to d~~

Two I.D. 1050 .0019to .0077,

Wandard 11,500TwoT.E.(low)1240to1270
(fig.2(c))

0.0071to O.olm’
FourT.E.(low)1270to1470 .0012to .0185
~0 T.E.(1OW)

twoS.s.
[
low) 1220 .0059to .0217

TwoT.E. low)
and

twoI.D. 1260to1470 .0053to .0214:
TwoI.D.. 1272 .0089

%.E., stator-bhdetrailing-edgenozzlesj S.S.,stator-bladesuction-
surfacenozzles;I.D.,ndzzleslocatedininnerringof statordiaphraq;
(low), nozzlegrouplocatednearertobladebasej (high),nozzlegroup
locatednearertobladetip.

,

.
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(a) Air-cooledbladewith thcrmwmuple-
inEtmmentatiOnlocetiom used at
engine .9P* of 4000 and 8003 I-PJ.

(b)801id bladewith thermcwmph-
iD8tXUMaUt,ati011klC9tiCJUBUSd at
enginespeedsof’4(XMand&Xi)rpm.

(C) solidblade with thermcxmrPle-
instrumentationlcee.tionaused at
enginespeedof ll,5C4Jrpn.

Figure2. - Types of rotorblade tIBadin jn’vestigetion.
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0‘lhrbine-exitaxialoritlcalvelocity
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Turbineinlet-gastemperature,T+,OF

(a)Thrustincreaseavailablewithandtithoutspraycoolingprovidea
enginecouldbeoperatedoverthisrangeofconditions.

.

IHgme5. - Calculatedsea-levelstatic-thrustlnoreaseavailablewith
J33-A-9engineatelevatedopektingconii.tlons.
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Figure8.- Typicaltemperaturedistributionsforair-cooledblades
obtainedatenginespeedsof40(XIand8000rpmwithanair-coolant-
to-gasflowratioof0.050andawater-coolant-to-gasflowratio
of0.0371.Theimer-diaphragmtypeofwater-injectionconfigur-
ateionwasused.
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FLsure 10. - Deposits on surfaces of solid blade after opera’ckm at engine qead of 11,500w with cmbimtion aC
trailing-edgeand imer-dlap~~ types of injectionconflgmatlon.
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Figure 14, - muted coolant-tckgaeflowraticmrequiredfor oparationof
X%+-A-9 eng~ with spray cmllng at conditions above rated. Stress-ratio
factor, 3.25.
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